Impairment of renal concentrating ability is usually considered a hallmark of potassium depletion, occurring early in its development. The presence of this defect is not thought to be related to the cause of potassium depletion (1, 2) . Potassium depletion can be induced in rats by a diet deficient in magnesium but containing normal amounts of potassium (3, 4) . Recently Whang and Welt observed that even an increased supply of potassium in the diet does not prevent magnesium-deficient rats from developing depletion of muscle potassium (5) .
It seemed of interest to study the influence of this peculiar type of potassium depletion on renal concentrating ability. The results indicate that in rats, potassium depletion induced by magnesium deficiency, in contrast to potassium deficiency produced by other means, does not impair the ability of the kidneys to concentrate urine. Strikingly different effects upon weight, strength, and behavior were also noted.
MATERIAL AND METHODS
Studies were carried out on 161 white, male, SpragueDawley rats weighing 140 to 200 g at the start of the experiment. During the whole experimental period, the rats were fed with one of the four following synthetic diets: normal, magnesium-deficient (referred to in the text as "no-Mg"), potassium deficient ("no-K"), and a diet deficient in both potassium and magnesium ("no-K, no-Mg"). The composition of all these diets is given in Table I . Distilled water and food were given ad libitum to all rats except to those of Group II A (see below), pair-fed controls whose food, but not water, was restricted. Four different sets of experiments were carried out.
In Group I (49 rats), I A (normal) comprised 11 rats fed the normal diet for 14 days (5 rats) and 56 days (6 rats), and then sacrificed; in I B (no-Mg), 30 rats were fed the no-Mg diet for 14 to 75 days and then sacrificed; and in I C (no-K), 8 rats were fed the no-K diet for 14 days and then sacrificed. In Group II (16 rats), the 7 rats of II A (normal) were pair-fed for 28 days with the rats of II B and then sacrificed; in II B (no-Mg), 9 rats were fed the no-Mg diet for 28 days and then sacrificed. In Group III (64 rats), the 12 rats of III A (normal) were fed the normal diet for 16 days (6 rats) and 33 days (6 rats), and then sacrificed; in III B (no-Mg), 16 rats were fed the no-Mg diet for 32 days and then sacrificed. In III C (no-K) 18 rats were divided into two subgroups. Six rats were fed the no-K diet for 15 days and then sacrificed; 12 rats were first kept on the no-K diet for 14 days, then on the no-Mg diet for another 14 days and then sacrificed. In III D (no-K, no-Mg), 18 rats were also divided into two subgroups. Eight rats were fed the no-K, no-Mg diet for 15 days and then sacrificed; 10 were first kept for 14 days on the no-K, no-Mg diet and then for another 14 days on the no-Mg diet. Four died during this time; the remaining 6 were sacrificed at the end of the period. In Group IV (32 rats), the 12 rats of IV A (normal) were kept for 14 days (6 rats) and 21 days (6 rats) on the normal diet, and then sacrificed; in IV B (no-K), 12 rats were fed the no-K diet for 14 days (6 rats) and 21 days (6 rats), and then sacrificed; in IV C (no-K), 8 rats were first kept for 14 days on the no-K diet, then for another 7 days on the no-K, no-Mg diet, and then sacrificed.
In all rats, renal concentrating ability was tested before sacrifice. In Groups I, II, and IV, the concentrating test was also done before the animals were started on special diets. In some instances (indicated under Results), the test was also performed at different stages of the experimental period.
Renal concentrating ability was tested as follows. Eight hours after food and water were taken away, 50 mU of vasopressin in oil 1 was injected subcutaneously in each rat and micturition was induced. Rats were placed in individual metabolic cages over funnels which contained screens to deflect feces and were filled with mineral oil to prevent evaporation of urine. Urine was then collected for the next 16 hours. Micturition was induced again and the urine added to that previously collected in the funnel. Animals were sacrificed soon after the concentrating test was finished. They were anesthetized with sodium pentobarbital and the abdominal cavity was opened. Blood was taken from the abdominal aorta into a heparinized syringe; in Group II, care was taken to obtain the blood anaerobically. After blood was drawn, thigh muscles from both legs were excised. In Group III, before muscles were removed, kidneys were taken out and separate pieces of cortex and of papilla with a small amount of adjacent inner medulla were dissected.
Analysis of water, sodium, and potassium content in kidneys and muscles, and osmolality, sodium, potassium, calcium, C02, ammonia, and urea of plasma and urine were done as described previously (6, 7) . Magnesiumn in plasma was determined by the method of Orange and Rhein (8) . (4, 9) . Hyperemia of the ears developed in almost all, usually within the first week on a no-Mg diet, and was never noted in control animals. Red ears persisted for a few days and then disappeared, to return later only in a few rats. In most, necrotic lesions of the ear lobes and of the skin were observed after more than 2 weeks of a no-Mg diet. The rats were strong, very excitable, and aggressive, and occasionally had seizures. Of 55 rats fed the no-Mg diet, 8 died, 1 each on day 9, 14, 16, 19, 20, 24, 30, and 40. No control rats died during the experiments. No signs of either polydipsia or polyuria were noted in Mg-deficient rats. Their susceptibility to pentobarbital anesthesia was not increased, and a dose at least equal to that required 1)y normal rats was needed to anesthetize them.
Rats fed a no-K diet, on the other hand, were weak, polydipsic, and polyuric, and presented all other clinical features described previously (6, 10, 11) . The anesthetic dose of pentobarbital was considerably reduced.
Rats fed a no-K, no-Mg diet were much stronger and more excitable than rats depleted solely of potassium, but less so than Mg-deficient animals. Hyperemia of the ears was also noted, but appeared later than in rats fed the no-Mg diet, i.e., usually in the second week. During 2 (Figures 1 and 2 ). Rats fed a no-Mg diet gained weight during the first 8 weeks of feeding, but lost when kept longer on the diet. Mg-deficient rats gained weight more slowly than animals fed a normal diet ad libitum. The difference was not abolished by pair feeding. Rats fed the no-K, no-Mg diet gained more weight than rats fed a diet deficient only in potassium. In both of these groups, the increase of weight was nesium deprivation. Plasma sodium was slightly elevated at first, but in later stages of magnesium deficiency returned to normal. Plasma potassium was unchanged in rats fed up to 75 days on a no-Mg diet. The concentration of calcium in plasma was not significantly altered, although some of the Mg-deficient rats had slight hypercalcemia. This was observed more regularly in a later set of experiments (Table IV) after 75 days of magnesium deficiency. Plasma perceptibly influenced by dietary deficiency of CO2 was slightly lower and urinary pH slightly magnesium or potassium.4 The potassium conhigher than normal in Mg-deficient rats. tent of the medulla in Mg-deficient rats approxiMuscle potassium was decreased after 2 weeks mated that of rats deficient in potassium alone of magnesium deficiency, and remained low there-or in both potassium and magnesium. This fall after. Muscle sodium increased. Despite clear-in tissue potassium could not be accounted for by cut potassium depletion as evidenced by analysis a decrease in urinary concentration of potassium. of muscle, maximal urinary concentration was Despite potassium depletion of medullary tissue, undiminished.3
Weight gain
Mg-deficient rats concentrated the urine normally.
The effect of magnesium deficiency on the
The sodium content of medullary tissue was composition of kidney tissue (Table IV) . The significantly higher in rats that concentrated urine potassium content of renal medulla was signifi-normally (normal and no-Mg groups) than in cantly lower than normal in rats fed no-Mg, and rats with hyposthenuria (no-K and no-K, no-Mg no-K, no-Mg diets, as well as in rats depleted only groups). This confirms previous observations of potassium. Potassium of renal cortex was not that in K-deficient animals, the content of sodium 3 The drop of maximal urinary concentration in rats of the renal papilla is decreased (6) .
fed a no-Mg diet for 75 days was mainly due to a low urine osmolality of 1 of the 4 rats. The individual val- 4 Prolonged feeding (35 days) with K-free diets does ues of maximal urinary concentration in this group were: result in a decreased potassium content of renal cortex 1612, 1992, 2080, 2380 mOsm per kg H2O. in rats (6) . (Tables V and VI) .
When rats previously depleted of potassium by a no-K diet were then also depleted of magnesium, renal concentrating ability, initially impaired by potassium deprivation, remained low (Table V) . On the other hand, if potassium was restored to the diet at the same time that magnesium was withdrawn, renal concentrating ability generally improved, and in some cases became normal, even though muscle potassium, although increasing, continued to be below normal limits (Table VI) . DISCUSSION The depletion of tissue potassium induced in rats by magnesium deficiency differs in several important respects from that induced by potassium deficiency. In contrast to the latter, magnesium deficiency does not lower serum potassium or reduce urinary excretion of potassium. Extracellular alkalosis is absent and urinary excretion of ammonia does not rise. Despite substantial reduction in the potassium content of muscle, weakness is not apparent, and the depleted rats remain relatively strong and vigorous. The present studies indicate that, although the renal medulla participates in the loss of body potassium that accompanies magnesium deficiency, the ability of the kidneys to concentrate both urea and non-urea solutes remains unimpaired.
One possible explanation of this surprising discrepancy might be that magnesium depletion itself reverses the effects on membrane permeability and enzymatic activity produced by losses of intracellular potassium. In the present experiments, however, renal concentrating ability, already low, did not improve when magnesium depletion was superimposed in rats on a no-K diet. In these animals, magnesium depletion probably induced further cellular losses of potassium, as suggested by analysis of their muscles. Preservation of normal renal concentrating ability might, therefore, be related to the ratio of cellular stores of magnesium to those of potassium. Another possibility is that in magnesium deficiency, potassium is lost from a different site within the cell than in potassium deficiency alone.
Structural changes in the kidneys of Mg-deficient rats might be expected to differ from those observed in potassium depletion alone. In fact, Kashiwa reported that in Mg-deficient rats the tubular changes are similar to those found in K-depleted animals, but probably are confined mostly to the distal convoluted tubules (9 ago that an increase in the intake of calcium had an injurious effect on Mg-deficient rats (14) . The content of calcium per calorie seems to have been very much lower in our experiments than in those of Smith, Baxter, Lindner, and Ginn, who found impaired concentrating ability in Mg-deficient rats (13) . In addition, the ratio of sodium to potassium in the diet was considerably lower in the present experiments than in those reported by Smith and co-workers, in which even control rats had a surprisingly low concentration of potassium in muscle (13) . It is apparent that in studies of the physiological role of excesses or deficits of inorganic substances, close attention must be paid to interrelationships between ions that may condition the development of impaired function or tissue injury.
The present experiments indicate that in certain circumstances, magnesium deprivation may induce moderate depletion of potassium without impairing the ability of the kidneys to concentrate urine. Normal urinary specific gravities reported in three K-depleted patients with primary aldosteronism (15-17) may conceivably have been associated with concomitant depletion of magnesium, since it has been shown that the administration of aldosterone markedly increases excretion of magnesium into the urine (18).
SUMMARY
Rats maintained on a diet deficient in magnesium developed potassium depletion that was reflected in a decreased potassium content of muscle and of renal medullary tissue. Despite this, and in contrast to potassium depletion induced by a diet low in potassium, magnesium deficiency did not impair the ability of the kidneys to concentrate urine.
